Mirror neurons are a class of visuomotor neurons in the monkey premotor and parietal cortices that discharge during the execution and observation of goal-directed motor acts. They are deemed to be at the basis of primates' social abilities. In this review, the authors provide a fresh view about two still open questions about mirror neurons. The first question is their possible functional role. By reviewing recent neurophysiological data, the authors suggest that mirror neurons might represent a flexible system that encodes observed actions in terms of several behaviorally relevant features. The second question concerns the possible developmental mechanisms responsible for their initial emergence. To provide a possible answer to question, the authors review two different aspects of sensorimotor development: facial and hand movements, respectively. The authors suggest that possibly two different "mirror" systems might underlie the development of action understanding and imitative abilities in the two cases. More specifically, a possibly prewired system already present at birth but shaped by the social environment might underlie the early development of facial imitative abilities. On the contrary, an experience-dependent system might subserve perception-action couplings in the case of hand movements. The development of this latter system might be critically dependent on the observation of own movements.
The high level of complexity and sophistication of social interactions is one of the main signatures of primate behavior. Indeed, whereas for most animal species, the correct interpretation of changes in the environment is crucial for survival, for primates, also the correct interpretation of the behavior of conspecifics plays an important role in the struggle for succeeding in their complex social network. Given their direct impact on our everyday life, the neuronal and cognitive processes at the heart of the primate social skills represent a fascinating field of research in neuroscience.
About a decade ago, the general view was that action understanding was the result of a chain of rapid cognitive processes that compared previous experiences with the current visual input. In other words, action recognition and understanding were thought to be predominantly visual tasks relying on the hierarchical extraction of features of increasing complexity (e.g., Aggarwal and Cai 1999; Marr and Vaina 1982) , followed by their comparison with analogous visual representations stored in the observer's memory. This view was further corroborated by neurophysiological recordings in visual cortical areas (Bruce and others 1981; Perrett and others 1985) . In a series of experiments, Perrett and co-workers showed the presence, in the superior temporal sulcus (STS in Fig. 1) of the monkey, of neurons exhibiting selective responses to human movements either performed by the experimenter in front of the monkey or presented on a computer screen (Perrett and others 1985) . These neurons possessed remarkable response properties and were sensitive to many characteristics of observed movements. For example, they encoded the direction of motion of a walking person with respect to the observer (Perrett and others 1985) , responded also to articulated (i.e., with arms and legs outstretched) and standing (i.e., with arms and legs 525 close to the body) human figures presented as static snapshots (Barraclough and others 2006) , and showed a specificity for different body parts (Wachsmuth and others 1994) . In addition to neurons responding to human movements, Perrett and co-workers described also a population of neurons in STS selectively responding during the observation of manipulative behaviors (i.e., hand-object interactions; Perrett and others 1989) . Interestingly, for these neurons, hand movements alone miming the preferred action as well as objects alone with no hand movements elicited only a reduced discharge (Barraclough and others 2008) . Even the combination of an appropriate hand movement and an object elicited a reduced neuronal discharge when the two were not physically interacting (Perrett and others 1989) . Interestingly, the responses of a subset of the units selective for human actions were significantly modulated by the sound associated with that action (Barraclough and others 2005) .
Although the findings of Perrett and co-workers clearly suggest that purely visual processes strongly contribute to the analysis of complex bodily movements, the discovery of mirror neurons opened a new and interesting perspective on the issue of action perception and understanding. Mirror neurons were originally found in the convexity of the monkey premotor cortex (F5c in Fig. 1 ) (Gallese and others 1996; Rizzolatti and others 1996; di Pellegrino and others 1992) and later on also in the inferior parietal lobule (area PFG in Fig. 1 They discharge both when the monkey performs a goaldirected motor act and when it observes another individual (human or monkey) performing the same or a similar action. Similar to visual neurons in the STS, hand movements alone, objects alone, or a spatially or temporally incongruent combination of the two produces a significantly lower or no degree of modulation. Figure 2 exemplifies the typical response pattern of a mirror neuron. The two panels in the right column show the responses of the same neuron while the monkey is grasping a small object (upper panel) or when the monkey is observing the experimenter grasping the same object (bottom panel). In both cases, the discharge of the neuron starts increasing shortly before the monkey's or experimenter's hand contacts the object (time t = 0 on the horizontal axis) and reaches its peak when the object is fully grasped.
The discovery of neurons discharging during both passive observation and active execution of goal-directed motor acts had a strong impact on theoretical accounts of action perception and understanding. In particular, it was considered a decisive piece of evidence in favor of a set of theories proposing that the functional coupling between perception and action was a crucial mechanism involved in higher cognitive function (Jeannerod 1997; Liberman and Mattingly 1985; Prinz 1997) . These theories suggest that the high visual sensitivity of primates for the actions of conspecifics might be due, at least partially, to a functional linkage between the motor and the visual systems. In particular, according to the direct-matching hypothesis, primates understand actions when they map their visual representations onto their correspondent internal motor representations (Rizzolatti and others 2001) . In other words, action perception and understanding are not only the result of abstract processes relying only on visual representations. On the contrary, the observer's motor system is actively involved in this process, and the specific role of mirror neurons is to represent and possibly reenact actions in terms of their motor goal. An important theoretical consequence of this proposal is that action perception and action production are not two separate cognitive processes but, on the contrary, are tightly coupled.
Several reasons render the encoding of observed actions in mirror neurons qualitatively different from that performed by purely visual areas such as the STS. First, as originally proposed by Rizzolatti and co-workers (Rizzolatti and others 1996; Rizzolatti and others 2001) , the presence of motor and visual responses in the same neuron might contribute to directly link the visual analysis of observed actions to the observer's motor repertoire. That is, the external social world would become meaningful by referring it to an internal motor knowledge. Second, the motor system seems to be suitable for extracting the goal of actions as it has the intrinsic capacity to generalize. For example, contrary to neurons in the STS, many F5 mirror neurons visually respond to more than one type of action, Figure 1 . Areas in the monkey brain involved in action perception. The figure shows a lateral view of the left hemisphere of a macaque brain. The three highlighted areas contain neurons that discharge during observation of bodily movements. More specifically, neurons in the superior temporal sulcus (STS) exhibit purely visual responses and do not respond during the execution of movements. Neurons responding both during the observation and execution of goal-directed movements (i.e., mirror neurons) were found in areas F5c and PFG.
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The Neuroscientist 17 (5) thus allowing them to abstract the meaning of the observed action independent of the visual details of the action. Third, the motor-related responses of mirror neurons would endow the process of encoding the actions of others with a plasticity that is directly connected to the observer's motor experience. This allows, for example, a direct transfer of the behavioral value of own actions, learned through the interaction with the environment, to the actions of others.
Response Properties of Mirror Neurons
A large percentage of the motor neurons in area F5c have mirror properties. A subset of them shows a strict correspondence of their responses during observation and execution of actions (Gallese and others 1996) . Such neurons respond when the monkey performs a specific goaldirected motor act (e.g., a precision grip) and if the monkey sees the same motor act. More often, this correspondence is defined in terms of the general goal of the motor act rather than of the exact properties of the movement, and the responses of mirror neurons often show substantial invariance with respect to the orientation, position, and kinematics of the hand executing the action. It was originally reported that F5 mirror neurons do not respond if the same action (e.g., grasping) is performed with a tool. However, more recent results showed that after extensive visual exposure of the monkey to actions executed with a tool, a subset of mirror neurons in the ventral part of area F5c started responding also to this type of visual stimuli (Ferrari and others 2005) . Further studies reported additional response properties of mirror neurons. For example, it was found that some F5 mirror neurons exhibit remarkable generalization properties. Notably, they responded in a similar manner to the same action executed with different effectors (e.g., grasping with the hand and grasping with the mouth) (Ferrari and others 2003; Rizzolatti and others 2001) , to the sound associated with familiar actions (Kohler and others 2002) , and even to partially occluded actions that can be inferred only from their initial motion path (Umiltà and others 2001) .
A question posed by the discovery of F5 mirror neurons is why the observer does not move during action observation given the activation, in her or his premotor and parietal cortices, of the same neurons that discharge also during action execution. This issue is still debated (Rizzolatti and Luppino 2001) , but a possible answer has been provided by a recent and elegant study by Kraskov and co-workers (2009) . In this study, the authors first identified mirror neurons that project through the pyramidal tract, likely to the spinal cord, and then investigated their responses during action production and observation. Half of these pyramidal tract mirror neurons (PTMNs) vigorously responded during action production but exhibited a complete suppression of discharge during action observation. Kraskov and co-workers speculated that the suppression of PTMNs' responses during action observation might serve the purpose of inhibiting, likely at the spinal cord level, self-movements during action observation (Kraskov and others 2009 ).
In addition to area F5c, neurons with mirror properties were also found in area PF/PFG of the inferior parietal lobule (IPL) (Gallese and others 2002) . More recently, it has been shown that the visual responses of a subset of IPL mirror neurons during both the observation and execution of a complex grasping act (e.g., grasping to place or grasping to eat) are modulated by the final goal of the action (placing or eating) in which the grasping was embedded (Bonini and others 2010; Fogassi and others 2005) . Figure 3 shows the typical response of one of these IPL mirror neurons. The unit discharged vigorously when the monkey grasped a piece of food to eat it, but it exhibited a significantly smaller response when the same piece of food was grasped to place it into a container. Interestingly, the same selectivity was found during action observation. That is, the neuron discharged while the monkey was observing the experimenter grasping a piece of food to bring it to the mouth, whereas it remained almost silent when the experimenter grasped the same piece of food to place it into a container. Fogassi and co-workers interpreted this pattern of response as evidence that the monkey's prediction about the final goal influenced the neuronal discharges. For this reason, it was suggested that the possible specific cognitive role of IPL mirror neurons might be that of encoding the intentions of the actor (Fogassi and others 2005) . More recent investigations have shown similar response properties also in F5 mirror neurons (Bonini and others 2010) . Thus, the possible differences in the functional and cognitive roles of IPL and F5 mirror neurons, respectively, remain still to be investigated in depth.
All the pieces of experimental evidence reviewed so far are compatible with the view that mirror neurons integrate in their responses characteristics of observed actions that are directly related to describing them in terms of motor goals, such as the type of grip or the intention of the actor. However, two recent experiment studies suggest that mirror neurons integrate in their responses several additional pieces of information that are not directly related to the action per se.
The first study reported a new class of F5 mirror neurons, representing about 50% of all the tested mirror neurons, whose visual responses were modulated by the distance at which the observed motor acts were executed with respect to the monkey (Caggiano and others 2009). More specifically, the responses of about half of these mirror neurons were significantly modulated when the observed actions were executed in the peri-personal space of the monkey. The remaining half of the neuronal sample instead discharged more vigorously when the observed actions were executed in the extra-personal space of the monkey. Two examples of these spatially selective mirror neurons are shown in Figure 4 . Unit 1 responded during the observation of a motor act only when it was executed in the peri-personal space of the monkey (represented by the yellow circle around the monkey's body). Unit 2 exhibited a complementary response pattern. It discharged during action observation only when the action was executed in the extra-personal space of the monkey. From a functional perspective, the distance between observer and actor plays no role in understanding an observed action or representing its goal. However, it can play a decisive role in selecting possible subsequent behaviors, for example, interacting or approaching behaviors. Thus, this study suggests that the mirror neuron system might be part, together with other brain areas, of a system that contributes not only to understanding what others are doing but also in deciding the most appropriate behavioral response.
The second study reported that F5 mirror neurons seem to visually encode actions in a view-dependent manner (Caggiano and others 2007; Caggiano and others 2010) . In this study, the visual responses of mirror neurons were studied by presenting the same actions as seen from different points of view, including also the actor's own point of view. The discharges of mirror neurons were modulated not only by the action being observed but also by the point of view under which it was observed (e.g., a frontal or a side view). Interestingly, a consistent percentage of mirror neurons visually responded not only during the observation of the actions of another individual but also during the observation of the visual Figure 3 . Mirror neurons encoding the intention of the actor. The four rows show the motor (first two rows) and the visual (third and fourth rows) responses of the same neuron under different experimental conditions, which are exemplified in the left column. The first two rows show the motor responses of a neuron when the monkey grasped a piece of food to eat it (first row) or to place it into a container (second row). The third and fourth rows show the discharges of the same neuron when the monkey was observing the experimenter grasping a piece of food to bring it to the mouth (third row) or to place it into a container (fourth row). During both action execution and observation, the unit discharged selectively only when the piece of food was grasped to eat it. It did not respond when the same object was grasped to place it into a container.
representations of the actions seen in a first-person view. This previously unreported response characteristic suggests that, similar to other neurons in premotor areas (Raos and others 2004) , they could be visually activated not only by the actions of others but also by self-generated actions.
The modulations of mirror neuron discharges by the spatial position of the observed action or the point of view suggest an extension of their possible functional role in two important directions.
First, although early experimental results clearly support the view that mirror neurons integrate in their responses characteristics of observed actions that are instrumental to encode them in terms of their motor goal (Gallese and others 1996; Kohler and others 2002; Umiltà and others 2001) , the two recent studies described above suggest that mirror neurons integrate in their responses several additional aspects of observed actions. The distance and point of view are two additional characteristics that are integrated in their responses, and possibly others are yet undiscovered. The advantage of this additional information integrated in the responses of mirror neurons is that of representing the actions of others in terms of features that are, for the observer, potentially relevant to plan and evaluate subsequent behaviors.
The second extension to the original proposal of the possible functional role of mirror neurons is that their visual responses might not be restricted to representing the actions of others. As discussed above, recent experimental represents the spatial extent of the peri-personal space of the monkey. Both neuron 1 and neuron 2 responded during the execution of goal-directed movements (top row). However, they exhibited opposite behaviors during the observation of actions performed by the experimenter in front of the monkeys. Neuron 1 discharged more strongly during the observation of an action executed in the extra-personal space of the monkey. On the contrary, neuron 2 exhibited a significantly stronger discharge when the observed action was executed in the peri-personal space of the monkey.
results demonstrate the existence of a subclass of mirror neurons that discharge when an action was observed from the actor's point of view. We believe that this finding is relevant for two important implications at ontogenetic and phylogenetic levels. The first implication is related to the possible emergence of mirror neurons during development and will be presented in the next section. The second implication concerns the possible evolution of the mirror neuron system. Philogenetically, the mirror neuron system might have evolved to map monkeys' actions onto own motor representations possibly to provide feedback for visually directed graspings, as suggested by Arbib and coworkers (Bonaiuto and Arbib 2010; Oztop and Arbib 2002) . According to this proposal, the same system was, later in evolution, "exapted," through a generalization process, to interpret the goal-directed behaviors of others for social interaction and communication purposes. At which step, during evolution, this system possibly evolved is still completely unknown. If one looks at other primates' cortical organization, it is clear that parieto-premotor connections were probably present already in early mammals such as tree shrews and galago (Kaas 2004) . Thus, the appropriate pattern of connectivity for the possible emergence of mirror neurons was already present in common ancestors of the living primates. Further comparative experiments are needed to investigate the possible involvement of mirror neurons in the monitoring and refinement of one's own hand manipulation behaviors within the primate lineage. If such involvement is confirmed by experimental data, it will open up an additional and unexpected perspective on their possible functional role.
A Developmental Perspective on the Mirror Neuron System
In this section, we review several pieces of behavioral evidence supporting the notion of a tight link between perception and action and examine them in relation to the broader role of the mirror neuron system proposed in the previous section. Two novel aspects differentiate the present from previous reviews. First, we focus on the developmental aspects of the putative link between perception and action and thus sort experimental results with respect to the age of the subjects. Second, in the cases where data are available in the literature, we compare behavioral and neurophysiological/brain imaging results in the two species in which a mirror neuron system has been so far reported: humans and monkeys.
An important issue concerning the human and monkey mirror neuron system is how it initially emerges during development. A conclusive answer to this question can be provided only by performing neurophysiological experiments in infant monkeys. However, these types of experiments are methodologically very challenging and have not been attempted so far. Thus, the initial developmental stages of the mirror neuron system can only be indirectly inferred from behavioral results (see Box 1), brain imaging techniques, and electroencephalography (EEG) in both human and monkey infants, suggesting the presence of perception-action couplings already at early developmental stages. In this review, we focus on two different aspects of sensorimotor development: the spontaneous facial imitative abilities exhibited by human and monkey infants and the coordinated development of manual motor skills and action understanding capabilities. The choice of separately dealing with orofacial and hand movements, respectively, is motivated by two reasons. First, facial and hand mirror neurons emerge following two different but interacting developmental trajectories. Second, they pose different challenges to two fundamental aspects of the direct matching hypothesis: how observed movements are mapped onto the observer's motor repertoire and how cells with such complex response properties such as mirror neurons can initially emerge.
Box 1 Investigating Action Perception and Understanding in Infants
The problem that investigators face in studying the capacity to perceive and possibly understand actions at a very early stage of development is that infants can neither verbally report their perceptions nor can they be instructed to perform complex tasks. For these reasons, developmental scientists resorted to two nonverbal and implicit measures of perceptual capabilities: imitation and visual habituation. In studies of imitation capabilities, a biological movement is first presented to the infants. Their behavioral responses are then carefully scrutinized to detect possible differences with respect to baseline conditions. Differences in the rate of performance of movements are assumed to be correlated with internal processing of observed actions. This valuable experimental tool can also be used to investigate action understanding in human adults and monkeys. Visual habituation is based on the observation that infants tend to fixate visual stimuli that are novel to them (Woodward 1998) . In this paradigm, infants are first habituated to a visual stimulus that can be described along two dimensions. They are then presented with two test events, each one varying along only one of the two dimensions. Longer fixation times to one of the two test events indicate which variation was surprising or unexpected for the infants and thus violates the infant's representation of the action.
Facial Movements
Humans. In primates, the basic mechanisms for sensorimotor coordination develop in uterine life (Kurjak and others 2004) . A number of studies report a surprising capacity of voluntary movements and coordinated actions in the fetus (Myowa-Yamakoshi and Takeshita 2006) . Yet, at birth, the nervous system is still immature, and most of the neuronal circuitry for perceiving and acting upon the world is refined in the first months of life, possibly in a hierarchical manner (Guillery 2005) . Functionally, the first systems that are refined are those associated with eye and mouth movements. Although some of these movements could be simply due to basic neonatal reflexes, others appear to involve more complex coordinated intentional movements not yet smoothly arranged. For example, already by 82 hours of life, neonates control sucking behaviors by using the same prospective principles of adult reaching behaviors (Craig and Lee 1999) . This early development of oral and facial control is matched by the infants' capacity to imitate mouth movements and facial expressions. Indeed, in a series of famous and debated experiments, Meltzoff and Moore (1977 , 1983 reported that even 72-hour-old infants spontaneously reproduce facial and hand movements (for a critical review of these results, see Anisfeld 1991 Anisfeld , 1996 Anisfeld and others 1979; Kaitz and others 1988) . In their original experiment, Meltzoff and Moore (1977) presented infants between 12 and 21 days of age with three facial movements: tongue protrusion, mouth opening, and lip protrusion. They reported that in the time immediately following the presentation of each movement, the rate of performance of that movement by the infants increased with respect to the rate of the other movements (Meltzoff and Moore 1977) . These results were further extended by Field and co-workers, who showed that human infants as young as 36 hours spontaneously imitate basic emotional facial expressions such as happy, sad, and surprised (Field and others 1982) . These imitative abilities appear to be cross-modal. Chen and co-workers found that already by three days of age, human newborns match their mouth movements to those appropriate to producing a model sound just heard (Chen and others 2004) . A puzzling result is that facial imitation in neonates starts decreasing at two months of age and is virtually absent by six months of age (Abravanel and Sigafoos 1984; Fontaine 1984) .
Monkeys. The phenomenon of neonatal facial imitation is not confined to humans. For example, Myowa (1996) tested the imitative capabilities of a single chimpanzee in a longitudinal study that embraced the developmental period from 5 to 15 weeks of age. By means of a paradigm similar to that of Meltzoff and Moore, she showed that the subject of the experiment exhibited imitation capabilities between 5 and 11 weeks of life. The observation that chimpanzees can imitate facial movements was subsequently confirmed by more extended investigations (Bard 2007 ). More surprising is the fact that also rhesus monkeys imitate two basic facial gestures: tongue protrusion and lip smacking (Ferrari and others 2006) . Furthermore, in the macaque, facial imitation capabilities in the first days of life are predictive of the development of voluntary motor skills in the first year of life (Ferrari and others 2009) . Interestingly, similar to human studies, the imitative capabilities of both chimpanzee and macaques seem to be confined only to early developmental stages. More specifically, they largely disappear after day 7 in the macaque and 2 months in the chimpanzee (Bard 2007; Ferrari and others 2006; Myowa 1996) .
It has been recently hypothesized that the phenomenon of neonatal facial imitation in both humans and monkeys can rely on a rudimentary mirror mechanism present at birth and capable of matching facial features with an internal motor representation (Ferrari and others 2006) . However, in both humans and monkeys, neonatal imitation typically involves effectors (tongue and mouth) that the neonate cannot visually access. Thus, the main question is, how does the infant translate the observed movement into a correspondent motor program without a direct visual experience of the own face? One possible explanation might be that both face processing and the mirror neuron system, or at least the part involved in facial movements, rely on a brain network that is present already at birth and whose basic elements are probably genetically predetermined (Ferrari and others 2006; Johnson 2005; Lepage and Théoret 2007; Park and others 2009; Pascalis and Kelly 2009) . In other words, part of the visual information related to facial movements appears to be matched already at birth with the corresponding motor representation. This proposal is supported by two recent developmental studies. In the first study, Sugita (2008) tested the face-processing abilities of macaque monkeys reared with no exposure to face stimuli. He found that even deprivation periods of up to two years did not interfere with the recognition and discrimination performance of face stimuli. These results strongly suggest that the basic mechanisms of face processing in the macaques, and thus also possibly in humans, are, at least partially, experience independent and possibly prewired. In a second preliminary study, Ferrari and co-workers reported that the mu rhythm was suppressed in newborn (1-7 days old) monkeys when they observed and imitated facial gestures but not during the observation of nonbiological movements (Ferrari and others 2008) . The mu rhythm is an EEG oscillation with dominant frequencies in the 8 to 13 band in humans (probably in lower frequencies in 6-to 12-month-old infants), and it is considered the result of
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The Neuroscientist 17 (5) sensorimotor processes linking perception and action (Pineda 2005) . Thus, the results by Ferrari and co-workers were interpreted as a signature of the activation of a mirror neuron system during the perception and later imitation of facial movements already in the first days of life.
Taken together, the experimental results reviewed in this section show that rudimentary mechanisms for perceiving simple facial movements of others, such as lip smacking or tongue protrusion, and the capacity to map them onto the observer's motor repertoire might be prewired and already present at birth. These mechanisms might be instrumental for survival in the first period after birth because facial imitative responses might play a fundamental role in establishing and subsequently sustaining an affiliative relation with the caregiver (Ferrari and others 2006) . This system can be also subjected to modification through a feedback that the infant receives from the social environment. The importance of early face-to-face exchanges in humans (Stern 1985; Trevarthen and Aitken 2001) as well as in macaques (Ferrari and others 2009) illustrates that, starting from a precocious, probably innate, social competence, the infant's capacity to control and solicit facial gestures is critically dependent on the type of social environment feedback he or she receives (usually mainly from the mother).
Hand Movements
Contrary to facial movements, the development of reachinggrasping movements involves a long period of maturation and requires many levels of sensorimotor integration. Indeed, the muscular-skeletal apparatus is a very complex system that needs to be properly controlled in order for well-coordinated reaching and grasping movements to emerge (Bernstein 1967) . It has been shown that the capacity to display skilled hand movements is highly dependent on the maturation of the corticospinal tract, which is involved in the control of arm movements (Galea and Darian-Smith 1995; Lemon 1999) . In both monkeys and humans, the myelination of the corticospinal axons has a similar time course and is completed between the second and third year of life (ten Donkelaar and others 2004; Olivier and others 1997) .
Beyond the maturation of the corticospinal tract, the development and refinement of a successful control strategy for visually guided reaching movements needs also the execution of appropriate exploratory behaviors (von Hofsten 2004). These self-generated exploratory behaviors ("body babbling"; see Meltzoff and Moore 1997) serve likely both motor and cognitive purposes. The motor purpose likely consists of the integration of different functional motor circuits and their sensory consequences (e.g., gaze behavior with arm movements and proprioception). The possible cognitive purpose is the development of an internal representation of the space around the infant. The fact that this important cognitive development requires concurrent and coordinated visual and motor experience was demonstrated by Held and Bauer (1967) . In their experiments, they dissociated vision and proprioception by preventing newborn macaques from seeing their own arms at birth. When tested at 35 days of age, the subjects exhibited severe impairments in visually guided reaching and grasping despite their preserved capacity to grasp under tactile guidance (Held and Bauer 1967) . This result strongly suggests that the correct development of spatial maps of the peri-personal space for goal-directed hand movements entails the observation of own movements. When only proprioceptive information is available in the first stages of perinatal life, as in Held and Bauer's experiments, severe impairments of visually guided goal-directed movements follow. Experimental data seem to suggest that also in humans, self-observation of own movement might represent an important developmental step. For example, two-to three-month-old infants spend a considerable fraction of time watching their own hands (White and others 1964) . Furthermore, studies in neonates show that their spontaneous arm movements are not reflex-like and unintentional. Rather, they are purposeful and likely contribute to maintain the observed hand in their field of view (Meer and others 1995) . Notably, the fact that the observation of own movements serves cognitive and not only eye-hand coordination purposes is further suggested by studies showing that congenitally blind subjects exhibit substantial differences in the multisensory representation of their peri-personal space with respect to normally sighted controls (Bremner and others 2008; Collignon and others 2009; Röder and others 2004) .
In agreement with the direct-matching hypothesis, several experimental results indicate that the initial development of several perceptual abilities depends on or is triggered by the acquisition of specific motor skills. In an early study, Lederman and Klatzky (1987) suggested that manipulation behaviors can be classified based on the degree of knowledge that they afford about a manipulated object. For example, simple clutching of handheld objects tightly in the fist is appropriate for perceiving the temperature and size of an object, whereas more complex, possibly bimanual, manipulation behaviors are needed to perceive its hardness, texture, weight, or the fine details of its shape. Interestingly, by means of a meta-analysis of results in the field of human development, Bushnell and Boudreau (1993) showed that the acquisition of the different degrees of dexterous manipulation described by Lederman and Klatzky (1987) co-occurred with the acquisition of the perceptual ability to judge the corresponding properties of the manipulated object. An elegant experiment by Sommerville and co-workers (2005) clearly indicates that the improvements in motor and perceptual abilities are not merely co-occurring in time but are instead causally correlated. At three months of age, human infants are not yet able to grasp objects. Interestingly, they are also not visually sensitive to the goal structure of reaching and grasping movements performed by others. For example, they cannot distinguish between movements with different final goals and identical paths and movements with identical final goals and different paths.
In their experiments, Sommerville and co-workers augmented the reaching and grasping capabilities of threemonth-old infants by means of Velcro mittens that allowed them to grasp an object simply by reaching and touching it. The notable outcome of this manipulation of their motor capabilities was an improvement in their perceptual capabilities. Indeed, after motor practice with the Velcro mittens, three-month-old infants developed a visual sensitivity to the goal-directed structure of others' actions. Further experiments showed that such causal link between motor and perceptual development is present also for more complex actions sequences or actions performed with tools (Sommerville and others 2008) . Furthermore, the acquisition of novel motor skills improves not only the understanding of similar motor acts but also the online prediction of their unfolding in time. For example, when observing a block-stacking task, adults make proactive eye movements similar to those they perform when executing the same task. This predictive oculomotor behavior has been considered a signature of mapping the observed actions onto the observer's motor repertoire (Flanagan and Johansson 2003) . Falck-Ytter and co-workers (2006) reasoned that if this was the case, then the development of proactive eye movements should be dependent on action development. They thus measured the eye movements of 6-and 12-month-old infants while they were observing grasping-to-place movements, which human infants master around 7 to 9 months of life (Bruner 1970) . In agreement with the hypothesis that the observer's motor repertoire plays a role in predicting the goal of observed actions, they found that 12-month-old but not 6-month-old infants performed proactive eye movements in the observation condition (Falck-Ytter and others 2006) .
A critical point concerning hand mirror neurons is how a system with such complex response properties can initially emerge and later refine during development. The experimental evidence reviewed in this article can help us in formulating some hypotheses. One point that clearly emerges from several of the reviewed experiments is that at early stages of development, both humans and monkeys engage very often in the observation of own movements. Furthermore, as shown by Held and Bauer's (1967) experiment, the early absence of visual feedback during active movements produces sensorimotor rather than purely motor deficits. It is thus reasonable to assume that the process of visual monitoring of own movements might play an important role also in the emergence of mirror neurons that discharge during the execution and observation of movements (Del Giudice and others 2009; Heyes 2001; Keysers and Perett 2004) . The feasibility of this proposal is not only corroborated by modeling studies (Metta and others 2006; Oztop and Arbib 2002) but is also in agreement with the view-dependent responses of mirror neurons described in the previous section. In particular, if we assume that the process of associating visual with motor representations of actions in mirror neurons is mediated by Hebbian-like processes (Keysers and Perett 2004) , then the result that many units are visually responding to own actions appears no longer paradoxical. On the contrary, it would become a direct consequence of the fact that the response properties of mirror neurons emerge during the observation of own movements from a subjective point of view. This process is schematically illustrated in Figure 5 . At the beginning of development, infants are very likely endowed with some rudimentary capacity to code action goals, as also revealed by ultrasound investigations on fetuses and on the patterns of movement-directed behaviors described in the first weeks after birth. In this scenario, the motor system probably plays a key role in driving sensory information through the anatomical connections that are building in the developing brain. However, the visual input reaching the motor areas is probably not yet tight and committed to specific motor outputs. As a consequence, the mapping between the observed motor act and its internal motor representation, although present, is probably only broadly defined (left panel in Fig. 5 ). During development, the repeated synchronous coactivation of motor and visual inputs during the observation of own actions leads to the stabilization of the connectivity pattern and contributes to committing a neuron toward a specific type of visuomotor coupling (middle panel in Fig. 5 ). As indicated by the correlated development of motor and perceptual abilities, the visual responses to own movements are then generalized to the actions of others, which can be seen under a multiplicity of points of view (right panel in Fig. 5 ). Further experiments are needed to quantitatively investigate the cognitive and neuronal mechanisms underlying this generalization. Here we can offer two nonmutually exclusive speculations. The first speculation is that the process of visual generalization between own and others' actions is driven by the observation of own hands under different points of view. The second speculation is that this process might depend on co-occurring and coordinated grasping activity (joint actions) between the infant and the adults. Indeed, during these coordinated activities, the infant would observe the hands of others under different points of view together with her or his own hand from a subjective point of view.
Differently from hand mirror neurons, mouth mirror neurons are probably subjected to a different developmental trajectory. This hypothesis is supported not only by the developmental and behavioral data described so far but also by functional and anatomical data suggesting that mouth and hand mirror neurons, although interconnected, could be constructed by exploiting different brain networks. In humans, the observation of mouth actions activated a more lateral sector of the premotor cortex than when subjects observed hand actions (Buccino and others 2001) . This observation is confirmed by neurophysiological studies in monkeys showing that hand and mouth mirror neurons are found in two different sectors of F5. More precisely, the medial part of F5 contains only hand mirror neurons, whereas the most lateral sector of the F5 convexity contains also mouth mirror neurons (Ferrari and others 2003) . Monkey anatomical studies might help in clarifying whether the functional difference between the medial and lateral sectors of area F5 might be due to distinct patterns of connectivity with cortical and subcortical areas. In particular, in comparison with its medial sector, the lateral sector of F5 has significant connections with the facial nucleus (Morecraft and others 2001), the insular and anterior cingulate cortices (Barbas and Pandya 1987; Matelli and others 1986) , and the amygdala. Taken together, these anatomical findings suggest that mouth mirror neurons could be involved in anatomo-functional circuits that, differently from hand mirror neurons, are linked to visceromotor sensations and emotional processing related to both ingestive behaviors and face processing. Further anatomo-functional experiments are needed to test this hypothesis.
Conclusions
Mirror neurons are units in the monkey frontal and parietal cortices that discharge during both passive observation and active execution of goal-directed motor acts. In this article, we tackled two still debated questions connected with their intriguing response properties: what is their possible functional role and how can they initially emerge during development, respectively.
To provide a possible answer to the first question, we reviewed current experimental results about the response properties of mirror neurons in the monkey. The picture that emerged is that it seems that there exist many classes of mirror neurons, with each class influenced by a different aspect of an observed action (e.g., type of the observed motor act, distance of the observer from the observed action, point of view from which the action is observed). This observation motivated an extension to the current proposal about their possible functional role. More specifically, we proposed that mirror neurons not only encode the goal of an observed motor act but might represent a flexible system that integrates several of its behaviorally relevant characteristics. Such an encoding Figure 5 . Exemplification of the proposed mechanism for the initial emergence of mirror neurons. At the beginning of development, there is in the infant (human or monkey) no clear mapping between the observed motor act and its internal motor representation (left panel). During development, the repeated synchronous coactivation of motor and visual representations during observation of own movements leads to the emergence of neurons that exhibit a visuomotor coupling between a specific action and its visual representation from an egocentric point of view (middle panel). These visual representations are then generalized to the actions of others, which can be seen under a multiplicity of points of view (right panel). mechanism has, among others, two important characteristics. First, as originally proposed by Rizzolatti and coworkers, the projection of an observed action onto the observer's motor repertoire gives an individual an immediate representation of it "from the inside" and an unambiguous understanding of its meaning (Rizzolatti and others 1996; Rizzolatti and others 2001; Rizzolatti and Sinigaglia 2010) . Second, the proposed integration is experience dependent and thus also possibly subject dependent. Indeed, the subclasses of mirror neurons integrating in their responses different characteristics of observed actions are likely better specified through sensorimotor learning. This translates to the fact that the encoding of actions at the level of the single subject will depend on her or his sensorimotor history (Calvo-Merino and others 2006; Casile and Giese 2006; Reithler and others 2007) . Thus, two observers can and likely will have internal representations of the same observed action at different levels of detail.
In the second part of the review, we speculated about possible developmental mechanisms that can account for the initial emergence of units with such complex motor and visual responses, such as those exhibited by mirror neurons. For this purpose, we reviewed and compared in humans and monkeys two different aspects of sensorimotor development: facial and hand movements. We proposed that possibly two different "mirror" systems might underlie the development of cognitive and imitative abilities in the two cases. More specifically, a possibly prewired system already present at birth might underlie the early development of facial imitative abilities in newborns. This system is, however, subjected to modification through social experience. In fact, it is likely that social factors provide an important feedback to the infant about the meaning of her or his own facial movements. The caregiver, who in primates' early life is typically the mother, through co-occurrence (i.e., imitation and body synchronization) and turn-taking behaviors might actively shape and nurture the infant capacity to match the own gestures with that of others (see also Del Giudice and others 2009; Trevarthen and Aitken 2001). On the contrary, a different experience-dependent system might subserve perceptionaction couplings in the case of hand movements. In this latter case, from a review of the literature, it emerged that, during infancy, (1) the development of specific motor abilities is causally connected to the development of the correspondent perceptual abilities starting from an internal representation of goals and from broadly defined sensorimotor mapping, and (2) observation of own movements represents an important developmental step. Motivated by these pieces of evidence, we proposed that the mirror neuron system, putatively at the basis of perception-action couplings, might initially emerge and be refined following a process of Hebbian learning during the observation of own movements. This idea in itself is not new and was already suggested by other researchers (Del Giudice and others 2009; Heyes 2010; Oztop and Arbib 2002) . However, the neurophysiological results reviewed here provide evidence for the conceptual and simulation models presented in the literature. In particular, the intriguing finding that a subclass of mirror neurons responds to the visual representations of own actions (Caggiano and others 2007; Caggiano and others 2010) is compatible with a Hebbian account of their initial emergence.
In our opinion, the discovery of mirror neurons represents one of the most exciting developments of modern cognitive neuroscience. Despite almost two decades of intense studies, two important questions remain still largely unanswered: what is their possible functional and cognitive role and if and how do their response properties emerge as a consequence of an associative learning process. Although in the present review, we speculated about possible answers to these questions, only sound and carefully conducted experiments can provide a final answer. Yet, the fact that such important points are still open renders mirror neurons and, more generally, perceptionaction couplings a very interesting and flourishing field of research.
